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ABSTRACT 
 
Characteristic molecular vibrational absorption wavelengths in mid-infrared (mid-IR) 
have been discovered for various applications, and as a result, a faster summary of an MIR 
spectrum can be gained by probing a set of discrete spectral fingerprints only, enabling many 
applications including fast early cancer diagnostics, real-time spectroscopic observation, on-chip 
chemical sensing, and simple/compact mid-IR instrumentation. In this ‘discrete-frequency 
infrared’ (DF-IR) spectroscopy approach, there is no Fourier transform infrared (FT-IR) 
interferometer that continuously scans a spectrum, and acquisition of spectral information can be 
made rapidly by combining an MIR detector and a tunable single-peak narrowband light source, 
such as selective thermal emitters, quantum cascade (QC) lasers, or a combination of a 
broadband incandescent globar and filters. 
This thesis explores the DF-IR approach by using photonic filtering that is based on 
guided mode resonance (GMR). First, a useful analytical framework for optimal design of GMR 
devices is established based on a sound understanding of the underlying physics, and can be used 
to complement numerical electromagnetic simulations. Then, guided by this judicious design, the 
thesis presents experimental realization of high-performance GMR filters in the C−H stretching 
region (3−4 µm or 2500−3300 cm-1) of the mid-IR, and demonstrates GMR-filter-based DF-IR 
microspectroscopy for the first time. Last but not the least, this thesis introduces a new type of 
high-refractive-index photonic filter in the challenging but important molecular fingerprint mid-
IR (6−10 µm or 1000−1600 cm-1) that shows behaviors distinct from conventional GMR. The 
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combination of the high-index photonic devices and the recently developed QC emitters is 
proposed as a novel, promising solution to high-quality DF-IR microspectroscopy.  
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CHAPTER 1 
 
INTRODUCTION 
 
  
 
1.1 Background, Motivation, and Significance∗  
Mid-infrared (mid-IR, optical wavelength λ = 2−20 µm, or wavenumber ν = 500−5000 
cm-1) spectroscopic imaging is an emerging combination of fundamental vibrational absorption 
spectroscopy and microscopy that provides a powerful analytical tool for visualizing the 
molecular content of a sample without the use of dyes, stains or destructive procedures [1]. Over 
the last 15 years, numerous applications including those in polymer composites, forensics, 
environmental science, geology, human tissue pathologies, palaeontology and plant science have 
been reported [1-9]. Almost all mid-IR imaging data acquired today are using Fourier transform 
infrared (FT-IR), in which a specimen is illuminated by broadband radiation using a Michelson 
interferometer. In this setup, intensity values at the detector are recorded at each of thousands of 
specific positions of the moving mirror and a Fourier transform is used to convert the time-
domain signal to the wavelength domain. FT-IR imaging spectrometers are high-precision 
instruments but necessitate the acquisition of a continuous absorption spectrum over a large 
bandwidth.  
                                                           
∗
 This section is reprinted with permission from J.N. Liu et al. “Sculpting narrowband Fano resonances inherent in 
the large-area mid-infrared photonic crystal microresonators for spectroscopic imaging” and “Optimally designed 
narrowband guided-mode resonance reflectance filters for mid-infrared spectroscopy”. Both of these papers were 
published in Optics Express and are made available as an electronic reprint with the permission of OSA. 
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Despite the strengths of interferometer-based data acquisition [10], alternative approaches 
could be beneficial for many applications. The need to scan an entire interferogram/time and 
resulting large data sizes can become crippling limitations, especially as the spatial resolution of 
microspectroscopic imaging increases [11, 12]. For many routine applications, such as 
environmental monitoring and industrial process control, only a small portion of the spectrum 
contains useful information, and a more rapid, robust, and inexpensive instrument than an FT-IR 
spectrometer would be most appropriate. In cases where the relevant spectral wavelengths are 
known, a simpler imaging approach to acquire only these data would enable spectroscopic 
imaging to be applied in settings that have thus far been impossible. For example, multiple 
studies show that only around eight wavelengths over the broad mid-IR range are required to 
provide all the information required for tissue histopathology [13, 14], which can potentially be 
sped up if only these frequencies could be recorded. This approach to the dominant FT-IR 
imaging approach is emerging as a viable alternative and is termed discrete frequency IR (DF-
IR) spectroscopic imaging [1]. DF-IR spectroscopy can be performed rapidly with simple and 
inexpensive instrumentation due to elimination of the need for an interferometer for spectral 
selectivity. A significant topic of interest in this area is the development of a variety of devices 
for discrete frequency illumination, including selective emitters and resonant filters in mid-IR, 
and their optimal integration into an imaging system. 
The major capabilities required from these devices are to produce narrow-bandwidth 
(typically requiring a resolving power λ/∆λ > 50 for mid-IR spectroscopy of condensed matter 
and tissues [13-15], where λ and ∆λ are the peak wavelength and the linewidth of the 
narrowband radiation respectively) and wavelength-tunable mid-IR radiation. Tunable quantum 
cascade lasers (QCLs) have shown such promise but their use has primarily been for gas sensing 
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and spectroscopy thus far [16-18]. Their expense and spatial coherence, introducing optical 
effects that make high-resolution microscopic imaging challenging with simple instrumentation 
[19], likely implies that they will be used for complex, high-end instrumentation. A simpler 
approach would be to utilize a grating/slit monochromator to select desired wavelengths [20]. 
However, the spatial-spectral convolution and lack of high reflection efficiency over a broad 
spectral range would make instrumentation extremely challenging to design and operate. 
Selective mid-IR thermal emissions from tungsten photonic crystals (PCs) [21, 22], plasmonic 
nanocavity arrays [23, 24], plasmonic crystals [25-29], patterned steel [30], and metamaterials 
[31, 32] have also been studied, but the bandwidths are not narrow enough (λ/∆λ ≤ 11) for 
spectroscopy applications. Narrow thermal emission can be achieved by using surface-phonon 
polaritons in a silicon carbide (SiC) periodic structure [33], Mie resonances in a SiC optical 
antenna [34], and semiconductor multiple-quantum-well PCs [35], but they operate in a small 
spectral range and/or have undesired sidebands in the vicinity of the main emission peaks. In 
summary, no practical technologies exist to perform generalized DF-IR spectroscopic imaging. 
We sought to develop an approach in which mid-IR radiation at selective wavelengths 
could be obtained from narrowband filtering of the commonly-used, inexpensive broadband 
incandescent source used for mid-IR spectroscopy today. While static Bragg filters comprised of 
quarter-wave stacks of alternating dielectric thin films [36] are alternatives in principle, 
producing a series of filters with only slightly different thin film stacks is prohibitive in cost and 
fabrication complexity. In contrast, silicon-based PC slabs [37], subwavelength plasmonic 
aperture arrays [38-41], and double-layered plasmonic crystals [42] show selective mid-IR 
resonant filtering but either have low peak-background contrast ratio or tend to have wide 
resonance bandwidths.  
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Since the introduction of narrowband reflectance filters using subwavelength periodic 
grating nanostructures [43, 44], guided-mode resonance (GMR) filters (as they have come to be 
called, but also known as photonic crystal slabs or photonic crystal surfaces) have found 
application in label-free biodetection [45-47], fluorescence enhancement [48-50], optical limiting 
[51], and telecommunications [52, 53]. If designed carefully and smartly, GMR filters can 
exhibit a sharp, high peak and low background in the reflectance spectrum, and could replace 
their multilayer counterparts that are based on optical interference [36]. Therefore, GMR filters 
can be combined with a commonly used broadband globar to function as a smart light source 
system for DF-IR spectroscopy. In this scenario, a set of GMR filters with predetermined 
resonant wavelengths are illuminated by the broadband light source in sequence, and separate 
absorption intensity images are gathered for each wavelength using an appropriate infrared 
imaging camera, such as a microbolometer array. For DF-IR spectroscopy to be effective, it is 
necessary to fabricate a series of GMR filters that simultaneously provide high reflectance 
efficiency for the resonant wavelength, low out-of-band reflectance, and narrow bandwidth. In 
order to realize GMR filters with narrow bandwidth and lower sideband reflections for DF-IR 
spectroscopy, design optimization of filter structures is essential to guide for fabrication.    
 
1.2 Outline  
In this thesis, I present new methodologies for designing GMR filters, experimental 
realization of high-preformation GMR devices in the C−H stretching region (3−4 µm or 
2600−3300 cm-1) of mid-IR, and demonstration of the DF-IR microspectroscopy that is based on 
GMR filtering. First, in Chapter 2, I present global optimization of the double-layer surface-relief 
silicon-nitride-based GMR filters in the mid-IR for various narrow bandwidths below 32 cm-1, 
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with dispersion and optical absorption of materials considered.  By incorporating considerations 
for background reflections, the optimally designed GMR filters can have bandwidth narrower 
than the filter designed by the antireflection equivalence method based on the same index 
modulation magnitude, without sacrificing low sideband reflections near resonance. Then, in 
Chapter 3, I present an efficient approach for designing GMR filters, based on a sound 
understanding of the GMR and its related physics. The improved design allows experimental 
demonstration of a set of high-performance mid-IR GMR filters that are integrated on a large-
area glass substrate. Based on the enabling microresonant devices, we demonstrate DF-IR 
microspectroscopy of a polymer USAF resolution target and human tissue in the C−H stretching 
region. In Chapter 4, I present a new class of mid-IR photonic devices that are based on high-
refractive-index group IV semiconductors. This device can exhibit excellent narrowband filtering 
properties in the molecular fingerprint region (6−10 µm or 1000−1600 cm-1) of mid-IR, with 
interesting behaviors dissimilar to conventional GMR devices. Finally, in Chapter 5, I will point 
out future applications.  
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CHAPTER 2 
 
DESIGN OF NARROWBAND GUIDED-MODE RESONANCE 
REFLECTANCE FILTERS FOR MID-INFRARED SPECTROSCOPY 
USING GLOBAL OPTIMIZATION∗ 
 
 
 
Here, we describe a design optimization approach for obtaining narrow bandwidth GMR 
filters in the mid-IR, with absorption and dispersion characteristics of materials taken into 
consideration. We first study the impact of absorption and dispersion of materials on GMR filters 
when bandwidth becomes narrow. Second, we describe how to achieve an optimal GMR filter 
design at one specific resonance wavenumber for various bandwidths. Finally, we compare the 
optimal filter design developed in this chapter and the filter design with conventional 
antireflection (AR) equivalence method.  Although we focus upon design of GMR filters in the 
mid-IR part of the spectrum, the approach described in this work can be extended to any 
wavelength. 
2.1 GMR Structure and Physical Principle 
The double-layer GMR filter in this study has a Si3N4 surface-relief periodic grating 
structure built on top of a soda lime glass substrate. The grating period (Λ), grating depth (dgr), 
and waveguide layer thickness (dwg) of the GMR filter structure are depicted in Fig. 2.1. Thin 
film layer of Si3N4 can be easily deposited onto the substrate by plasma enhanced chemical 
vapor deposition (PECVD), and can be etched using reactive ion etching (RIE). In addition to 
                                                           
∗
 This chapter is reprinted with permission from J.N. Liu et al. “Optimally designed narrowband guided-mode 
resonance reflectance filters for mid-infrared spectroscopy”. This paper was published in Optics Express and is 
made available as an electronic reprint with the permission of OSA. The paper can be found at the following URL 
on the OSA website: http://dx.doi.org/10.1364/OE.19.024182. 
7 
 
simple fabrication, Si3N4 has a transparent window in mid-IR (λ<~6 µm), making it an 
appropriate material candidate for GMR filters in a DFIR instrument that can be used to measure 
absorption caused by C−H, O−H and S−H stretching vibrational modes (> 2600 cm-1). 
 
Fig. 2.1 GMR filter design comprised of a soda lime glass substrate, a Si3N4 waveguide/grating 
layer, and an air superstrate.  The device is illuminated from the superstrate side at normal 
incidence with a plane wave polarized parallel to the grating lines for excitation of TE modes, 
and with a plane wave polarized perpendicular to the grating lines for TM modes. 
 
The optical phenomenon behind the narrowband reflectance properties of GMR filters 
has been described previously [54-57] but is briefly summarized here. When a plane 
electromagnetic wave is incident on the GMR filter at a wavelength for which there is no guided-
mode resonance, the transmission and reflection spectra can be understood using conventional 
thin-film theory [55]. However, a guided wave can be excited if the incident light meets the 
Bragg diffraction condition [58, 59]:  
0
2
sin  ( )ck n p
piθ β± =
Λ
                                                             
(2.1) 
where k0 is the wave vector in free space, nc is the index of the refractive index in the cover 
region (free space), p is the diffraction order and is an integer, and β is the propagation wave 
vector in the GMR layer structure. The guided propagating wave experiences scattering into 
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specular and transmitted directions assisted by the grating periodic structure as well as optical 
absorption in the waveguide layer structure. For this reason, such guided modes are also called 
“leaky modes.” The constructive interference of waves in the specular direction creates peak 
reflection efficiency; at the same time the destructive interference of waves in the transmitted 
direction generates a dip in the transmission spectra [56, 57]. The filter property of GMR filters 
can be used to admit light in a small region of the spectrum, with light outside the reflection band 
being rejected. When illuminated at the resonant condition, the guided mode in GMR filters is 
not only excited and extracted simultaneously via periodic grating structures, but is also coupled 
to the guided wave propagating along the other direction via Bragg diffraction. The constructive 
interference of the two counter-propagating guided waves establishes an electromagnetic 
standing wave, leading to near-field enhancement and storage of photon energy.   
 
2.2 Results and Discussion  
Effects of dispersion and absorption of optical materials on narrowband GMR filters  
With ideal, lossless materials, the bandwidth of a GMR filter can be reduced by simply 
decreasing the grating depth dgr [60].  As the grating depth decreases, the coupling loss of the 
leaky modes becomes weaker, resulting in a longer photon lifetime in the GMR structures and 
hence a narrower resonance linewidth. To illustrate this effect, we simulated the reflectance 
spectra of three filters with different layer thicknesses using RCWA, as shown in Fig. 2.2 (a). 
The three structures of dgr = 300, 150, and 50 nm have a peak reflectance ~100% at resonance 
wavenumbers of 2659, 2588, and 2549 cm-1, respectively, with distinct FWHM bandwidth of 31, 
8, and 1 cm-1, respectively. Conservation of power requires R + T + A = 1, where R, T, and A are 
reflectance, transmittance, and absorbance, respectively. Because R ~ 100% at the resonant 
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wavenumber and A = 0, the transmittance at the resonance wavenumber is close to zero for 
filters without material absorption.  
When there is material absorption in the GMR structure, the transmittance at the resonant 
wavenumber will become greater than zero based on the multiple interference model of GMR 
structures [56, 57], leading to peak reflectance lower than 100%. In Fig. 2.2(b), we show the 
effect on resonances of the dispersion and absorption properties of both Si3N4 [61] and soda lime 
glass [62] for three filters with different layer thicknesses. Due to variation of refractive index, 
the resonances occur at different wavenumbers of 2662, 2597, and 2559 cm-1 for filters with dgr = 
300, 150, and 50 nm, respectively, indicating that the dispersion effect must be considered for 
accurate design of narrowband GMR filters.  Although the exact resonance wavenumbers of 
GMR filters have to be determined numerically by using RCWA method, it is meaningful to get 
more physical insight by studying red shift of the resonance wavenumbers with dispersion curves 
for a simplified dielectric waveguide when the grating depth is small enough, as shown in Fig. 
2.2(c).  The guided modes locate between two light lines for Si3N4 and soda lime because of 
waveguide guidance conditions.  For normal incidence the phase matching condition requires the 
propagation wavevector β=(2pi)/Λ.  The intercept point between TE0 dispersion curve and the 
straight line β=(2pi)/Λ gives the spectral location of the TE0 guided-mode resonance.  When 
dispersion of material is considered, the refractive indices of Si3N4 and soda lime near 2550 cm-1 
(close to the resonance wavenumber of the filter with dgr = 50 nm) will be slightly smaller than 
the constant refractive indices used in Fig. 2.2(a), which decreases the slopes of the light lines 
and shifts the dispersion curves toward higher wavenumbers.  The effect is further illustrated in 
Fig. 2.2(d), indicating a red shift of ~10 cm-1 when dispersion of materials is considered.  
Decreasing the grating depth of GMR filters with material absorption can not only narrow filter 
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bandwidth, but also reduce peak reflectance as shown in Fig. 2.2(b), in contrast to the previous 
case without considering dispersion and absorption of materials as shown in Fig. 2.2(a).  When 
the grating depth is smaller, the ratio of coupling loss to dissipation loss becomes smaller, 
resulting in reduction of the peak reflection efficiency [53, 56, 57, 63].  Therefore, for GMR 
filters with material absorption, the inherent tradeoff between bandwidth and reflection 
efficiency puts a limitation on performance of narrowband GMR filters, and the design method 
of narrowband filters needs to be improvised as simply decreasing the grating layer thickness to 
obtain GMR filters with narrow linewidth [60] is not effective. 
The material absorption influences not only the spectral response of GMR filters but also 
their electric field enhancement. In Fig. 2.2(e) we show the electric field enhancement 
distribution in a GMR structure (dgr = 50 nm) at a resonant wavenumber (2549 cm-1) without 
considering material absorption, which is lower at a resonance wavenumber (2559 cm-1) when 
material absorption is considered, as shown in Fig. 2.2(f). The standing wave patterns in both 
cases build up because two counter-propagating waves (diffraction order p= ±1) are coupled 
together via distributed feedback provided by periodic grating structures. Presence of material 
absorption in GMR filters decreases the propagation length of the two counter-propagating 
coupled waves and then lowers the number of photons participating in the multiple interference, 
resulting in a smaller on-resonance electric field enhancement. E-field enhancement profiles are 
plotted for comparison in Fig. 2.2(e) and (f) in order to further illustrate the effect of material 
absorption on resonances of narrowband GMR filters. The ratio of maximum E-field 
enhancement in the GMR structure of dgr = 50 nm without considering dispersion and absorption 
of materials to the maximum enhancement when dispersion and absorption of materials are 
considered is 2.07, whereas the ratio is only slightly larger than 1 for GMR filter with dgr = 300 
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nm and larger bandwidth [64], which implies that optical absorption of materials significantly 
impacts narrowband GMR filters much more than GMR filters with wide bandwidth. In 
summary, we note that absorption and dispersion characteristics of optical materials can impact 
performance of GMR filters when the filter bandwidth becomes narrow.  
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Fig. 2.2 Effect on guided-mode resonances of dispersion and absorption properties of Si3N4 and 
soda lime, when a TE-polarized wave is normally incident on GMR filters with grating period Λ 
= 2.5 µm, duty cycle f = 0.5, and Si3N4 total thickness dgr + dwg = 0.6 µm. (a) Reflectance spectra 
of three filters with different grating depths without considering the dispersion characteristics of 
both Si3N4 and soda lime. The refractive indices chosen are nSiN = 2.02 and nSL = 1.47. (b) 
Reflectance spectra considering the dispersion characteristics of both Si3N4 and soda lime glass. 
(c) The dispersion relation for a simplified dielectric waveguide, where the refractive indices 
used are the same as those in (a). The phase matching condition requires β=(2pi)/Λ, where the 
grating period Λ=2.5 µm. (d) Explanation of the observed red shift of guided mode resonances 
by comparing dispersion curves for the TE0 mode using nSiN = 2.01 and nSL = 1.46 near 2550  
cm-1 with that in (c). (e-f) Distribution of the electric field amplitude (|E|) in a unit cell of the 
filter with grating depth dgr = 50 nm for illumination at (e) υ = 2549 cm-1 without considering the 
dispersion characteristics of both Si3N4 and soda lime and at (f) υ = 2559 cm-1 considering the 
dispersion properties of both Si3N4 and soda lime. (g-h) Comparison of electric field amplitude 
profiles shown in (e) and (f) at x = 1.25 µm (left) and near the center of the waveguide layer at z 
= 200 nm (right). 
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Considerations for higher-order modes  
Higher-order TEm or TMm (m=1,2,3,…) guided mode resonance has been investigated 
[65] and may appear when the waveguide layer thickness is large enough.  For DFIR imaging 
spectroscopy of biopsy specimens, the spectral region of interest ranges from ~950 cm-1 (cutoff 
of the mid-IR array detector) to ~4000 cm-1 (upper limit of useful spectral information). The 
filters for optical spectroscopy thus are not only required to have bandwidth narrow enough to 
acquire IR absorption information contained in small spectral regions, but it is also necessary to 
have only a single reflection peak over the entire spectral range of interest, which means that 
higher-order modes in GMR filters must be cut off.  
If the grating depth is small enough, the optical modes in GMR filters can be understood 
using the theory of dielectric slab waveguides by assuming dgr = 0 for simplicity as an 
approximation [58]. Higher-order waveguide modes occur when the waveguide layer thickness is 
large, so the waveguide layer of GMR filters must be thin enough to suppress the propagation of 
higher-order modes. At cutoff the decay constant along the z direction in the substrate region 
vanishes, and therefore the propagation wavevector β = k0nSL. We can then estimate the cutoff 
thickness for the TE1 and TM1 waveguide modes based on their cutoff conditions [58]:  
2 2
2 2 1
0 2 2
tan π SL AirSiN SL
SiN SL
n n
k d n n
n n
−
−
− = +
−
   (TE1)                                                    (2.2) 
2 2 2
2 2 1
0 2 2 2
tan πSiN SL AirSiN SL
Air SiN SL
n n n
k d n n
n n n
−
−
− = +
−
   (TM1)                                                (2.3) 
By assuming nSiN = 2 and nSL = 1.48, we calculate a cutoff waveguide thickness dwg = 1.13 µm 
for the TE1 mode and dwg = 1.31 µm for the TM1 mode at 4000 cm-1.  However, for GMR filters 
with peak reflectance high enough to be useful, the ratio of coupling loss to dissipation loss 
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needs to be large enough [53, 56, 57, 63], so the grating depth must not be too small.  
Consequently, an approximation method that neglects the grating layer cannot accurately predict 
cutoff conditions of higher-order modes, although the approximation can give a rough estimate 
of the cutoff thickness.  
 
 
 
Fig. 2.3 Effect on reflectance spectra of higher-order modes. Reflectance spectra of two filters 
when a TE-polarized wave is normally incident. Grating period Λ = 2.2 mm, grating depth dgr = 
0.3 µm, waveguide layer thickness dwg = 0.5 µm (black), and dwg = 1.5 µm (red). (b-d) Electric 
field amplitude distribution of (b) the TE0 mode at a resonance wavenumber (υ = 2811 cm-1) for 
structure of dwg = 0.5 µm, (c) the TE0 mode at a resonance wavenumber (υ = 2475 cm-1) and (d) 
the TE1 mode at a resonance wavenumber (υ = 3001 cm-1) for structure of dwg = 1.5 µm. 
 
 
 
 
 
 
Using RCWA, we simulated the spectral response of GMR filters with different 
waveguide layer thicknesses when TE-polarized light is normally incident, as shown in Fig. 
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2.3(a). The filter with dwg = 0.5 µm has only one reflection peak at 2811 cm-1, corresponding to 
resonance of the TE0 mode as shown in Fig. 2.3(b). For the GMR structure of dwg = 1.5 µm the 
reflection peak at 2475 cm-1 corresponds to the resonance of the TE0 mode and has a narrower 
linewidth compared to the resonance of the TE0 mode in the structure with dwg = 0.5 µm, leading 
to a higher E-field enhancement as shown in Fig. 2.3(c) [66]. In addition to resonance of the TE0 
mode, the GMR filter with greater waveguide layer thickness has an additional reflection peak at 
3001 cm-1, corresponding to resonance of the TE1 mode as shown in Fig. 2.3(d). The field 
distribution profile shows that the decay constant along the z-direction of the TE1 mode in the 
substrate region is smaller than that of the TE0 mode, indicating that the TE1 mode is near cutoff. 
Because cutoff thickness depends on both layer thicknesses and the grating period, it is necessary 
to pay attention to the occurrence of higher-order modes over the spectral region of interest while 
varying these geometric parameters.  
 
Design GMR filters for spectroscopy  
In this section, we perform design optimization of GMR filters with a resonance 
wavenumber of 2600 cm-1, because there is a local minimum for absorption of Si3N4 near this 
wavenumber [61]. The optimal design approach can apply to any other wavenumber where 
material absorption and dispersion are present. The resonance wavenumber, peak reflectance, 
and filter bandwidth of GMR filters all are dependent on the structure parameters such as grating 
depth dgr, waveguide layer thicknesses dwg, grating period Λ, and grating filling factor f. 
Conventionally, in order to reduce sideband reflections the layer thicknesses of GMR filters are 
required to meet the antireflection (AR) condition, and grating period is then finely adjusted in 
order to match the resonance wavenumber of GMR filters with the targeted resonance 
16 
 
wavenumber [60, 67]. The grating filling factor f is another parameter that may also be changed 
to match the targeted resonance wavenumber [68, 69]. However, the structure parameters which 
can be finely tuned using planar photolithography, thin-film deposition, and etching processes 
are layer thicknesses rather than the grating period and filling factor.  
The design optimization procedure developed in this work is illustrated in Fig. 2.4.  
Instead of continuously changing filling factor and grating period, we fix the grating filling 
factor f = 0.5, as this value is simplest to obtain experimentally [64], and we choose several 
discrete period values based on the inequality for resonance regime of GMR filters [54]:  
     
max{ , } sin max{ , }c s c gr wg
p
n n n n nθ
ν
≤ − ≤
Λ                                             (2.4) 
where p is the order of diffracted waves propagating in the waveguide layer, and ns, ngr, and nwg 
are the refractive indices of the substrate, the grating, and the waveguide layer, respectively.  
Here the refractive indices are assumed to be nc = 1, ngr = nwg = nSiN = 2.01 and ns = nSL = 1.47 at 
ν = 2600 cm-1, and the incident angle θ = 0 at normal incidence for easier experimental setup. 
Accordingly, the grating period approximately obeys 1.91 < Λ < 2.62 µm, and we choose 
discrete periods Λ = 2.0, 2.1, 2.2, 2.3, 2.4, 2.5, and 2.6 µm.  
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Fig. 2.4 Schematic of the design optimization procedure for reflection narrowband GMR filters. 
 
 
Because the refractive index in the cover region nc and refractive index in the substrate 
region nSL are different, the band shape of the GMR filters can be asymmetric [55]. Therefore, 
we extract peak wavenumber values (PWVs) and FWHM bandwidth of GMR filters by fitting 
the spectral response with a Lorentzian:  
0 0 2 2
0
/ (2 )( ) ( )
2 / ( ) ( / 2)peakR R R R
ν ν pi
ν
pi ν ν ν
∆ ∆
= + −
− + ∆                                             (2.5) 
where R0 is the background reflectance near resonance, Rpeak is the peak reflectance calculated by 
RCWA, Δν is the FWHM bandwidth, and ν0 is the PWV. In this equation, R0, Δν, and ν0 are 
fitted by minimizing the standard error of the fit, as shown in Fig. 2.5(a). By integrating I(ν)R(ν) 
over all ν in the spectral region above cutoff of the detector, we can estimate the reflected power 
received by the detector in IR spectroscopy. In DFIR, both the signal within the reflection band 
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and any out-of-band photons contributed by the background or sideband reflections contribute to 
the detected intensity. Therefore, the ratio of the in-band integration IIB to the out-of-band 
integration IOB, as shown in Fig. 2.5(b), depicts the quality of filters for acquisition of data in a 
small portion of the spectrum. The ratio IIB/IOB must therefore be large; otherwise the signal 
within the reflection band will be overwhelmed by the sideband reflection signal. Besides, the 
value of the out-of-band integration IOB depends on the boundaries of integration or spectral 
regions, and the sideband signal can be effectively reduced if an IR bandpass filter is used in 
series with a narrowband GMR filter. The characteristics of GMR filters comprising PWV, Rpeak, 
FWHM bandwidth, and IIB/IOB will be used to evaluate performance of the designed filters for 
various narrow bandwidths.  
 
 
Fig. 2.5 (a) Calculated reflectance spectra of a GMR filter with Λ = 2.5 µm, dwg = 0.3 µm, and 
dgr = 0.3 µm.  The peak wavenumber value (PWV) and the filter bandwidth (full width at half-
maximum, or FWHM) are determined by Lorentzian curve fitting. (b) Illustration of the in-band 
integration (IIB) and the out-of-band integration (IOB).   
 
 
We calculate PWV, FWHM bandwidth, and Rpeak of GMR filters as a function of dgr, dwg, 
and chosen grating periods Λ for normally incident TE-polarized and TM-polarized illumination 
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in order to get contour maps of filter properties, as shown in Fig. 2.6 and Fig. 2.7. The blank 
areas in the contour plots correspond to the layer thicknesses having Rpeak < 0.3, which is too 
small to be useful for IR spectroscopy. The optical properties of GMR filters have close 
relationship to the geometric parameters. For each grating period Λ, the propagation constant β 
of two counter-propagating waves has to meet the Bragg diffraction condition ∆ β
 
= 2β = G, 
where G = m(2π/Λ) is the reciprocal lattice vector of the 1-D periodic grating structure and m is 
an integer [58]. The thicker the waveguide layer, the smaller the wave vector along the z-
direction (kz) in the waveguide layer. Because of the dispersion relation k02nSiN2 = ω2(µ0εSiN)½ = 
kz2 + β 2, smaller kz leads to a smaller PWV. In addition, decreasing dgr reduces the coupling loss 
of the leaky modes and FWHM bandwidth, resulting in smaller Rpeak due to material absorption. 
When both dgr and dwg are small enough, the TE0 mode cannot be guided, based on the theory of 
asymmetric dielectric slab waveguides [58], leading to the bottom-left blank area in each contour 
plot. Resonances of the TE1 mode occur when dwg is near 1.2 µm, which therefore defines the 
right boundary of the contour plots for filter design. As the grating period Λ increases from 2.2 to 
2.6 µm, the on-resonance propagation constant β decreases (Bragg condition), and therefore the 
overall PWV distribution shifts toward lower wavenumbers based on the dispersion relation. 
Because Si3N4 has a local minimum absorption near 2500-2600 cm-1, filters with larger grating 
period have narrower bandwidth and larger Rpeak. In addition to TE-polarization, we also study 
the TM case as shown in Fig. 2.7. The resonance locations for TE and TM polarizations are 
different, and the average bandwidth for TM is smaller. When increasing dwg until near 1.4 µm, 
resonances of the TM1 mode begin to occur, making the boundaries of the contour plots different 
for TE and TM-polarization cases.  
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Fig. 2.6 PWV, FWHM, and Rpeak of GMR filters with different grating depths (dgr), 
waveguide layer thicknesses (dwg), and grating periods (Λ): (a) 2.1 µm, (b) 2.2 µm, (c) 
2.3 µm, (d) 2.4 µm, (e) 2.5 µm, and (f) 2.6 µm, when a TE-polarized wave is normally 
incident. The color bar code for PWV, FWHM, and Rpeak are given below each row. 
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Fig. 2.7 PWV, FWHM, and Rpeak of GMR filters with different grating depths (dgr), waveguide 
layer thicknesses (dwg), and grating periods (Λ): (a) 2.1 µm, (b) 2.2 µm, (c) 2.3 µm, (d) 2.4 µm, 
(e) 2.5 µm , and (f) 2.6 µm, for TM-polarized normally incident illumination. The color bar code 
for PWV, FWHM, and Rpeak are given below each row. 
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Fig. 2.8 Design of narrowband GMR filters with PWV of 2600 cm-1 for various bandwidths: (a) 
32 cm-1, (b) 24 cm-1, (c) 16 cm-1, and (d) 8 cm-1, when a TE or TM-polarized light is normally 
incident. The grating periods and the layer thicknesses are denoted as a set of numbers.   
 
By combining the contour plots of PWV with the contour plots of bandwidth, we can 
determine the layer design of GMR filters with a targeted PWV = 2600 cm-1 for 8, 16, 24, and 32 
cm-1 bandwidths. Based on Fig. 2.6 and Fig. 2.7, when Λ = 1.9-2.1 µm, there is no layer design 
which can have a PWV = 2600 cm-1 and FWHM ≤ 32 cm-1. Hence the layer designs of 
narrowband GMR filters come from contour plots for Λ = 2.2-2.6 µm, and their spectral 
responses are shown in Fig. 2.8. To compare performance of the layer designs for a specific 
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PWV and FWHM, we can evaluate their Rpeak and IIB/IOB ratio. Because the IIB/IOB ratio depends 
on the FWHM of the reflection peaks: the larger FWHM, the larger the IIB/IOB ratio, the quantity 
(IIB/IOB) / FWHM measures the band integration ratio per unit bandwidth. Further, we can 
include Rpeak, FWHM, and IIB/IOB ratio together by defining the figure of merit (FOM) for 
narrowband GMR filters: FOM = Rpeak (IIB/IOB)/FWHM. Here the interval of band integration 
covers a 2300-3200 cm-1 spectral region because custom IR bandpass filters with the pass band 
covering the wavenumber range are commercially available. The list of properties for layer 
designs and their FOM are summarized in the Table. 2.1, and we can choose the optimal layer 
design for each bandwidth and polarization by comparing FOMs in each subgroup. A few 
features may be noticed here. In structures with Λ = 2.2 µm for TM polarization, with layer 
design denoted in short as a set of polarization and the number of geometric 
parameters − ([TM,2.2,1.228,0.961], [TM,2.2,1.288,0.611], [TM,2.2,1.335,0.438], 
[TM,2.2,1.396,0.267]) − sideband resonances appear near 3100 cm-1. As the bandwidth of the 
main peak at 2600 cm-1 narrows down from 32 to 8 cm-1, the sideband peak reflectance becomes 
smaller. Table. 2.1 shows that the IIB/IOB ratio is the determining factor for ranking of the FOM, 
but Rpeak of filter designs for the same bandwidth are very close. The optimal filter designs for 
different bandwidths have the same grating period Λ = 2.3 µm for TE and Λ = 2.5 µm for TM. 
Figure 2.8 shows that the background reflections of the optimal layer designs with Λ = 2.3 µm 
for TE and Λ = 2.5 µm for TM do not change appreciably in the region 2300-3200 cm-1 when the 
design bandwidth becomes narrower, helping maintain their advantage of high IIB/IOB ratio. In 
addition, the optimal layer designs for TM polarization have a higher FOM than TE cases 
because of larger IIB/IOB ratio for TM as shown in Fig. 2.8 and Table. 2.1.  
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Table 2.1 Summary of designed GMR reflectance filters with a PWV of 2600 cm-1 for various 
bandwidths.  
 
Targeted 
bandwidth (pol., Λ (µm), d
wg
 (µm), dgr (µm)) PWV  (cm-1) 
FWHM 
(cm-1) 
Rpeak 
(%)
 
IIB /IOBa 
FOMb 
(×10-3 cm-1) 
32 cm-1   
(TE, 2.2, 0.929, 0.430) 2599.7 31.8 93.2 0.4661 13.6680 
(TE, 2.3, 0.714, 0.318) 2599.9 31.9 93.7 2.2307 65.5776 
(TE, 2.4, 0.545, 0.306) 2599.4 31.9 95.2 0.7709 23.0150 
(TE, 2.5, 0.397, 0.312) 2599.6 31.8 96.5 0.3394 10.2947 
(TE, 2.6, 0.214, 0.414) 2600.2 31.8 97.8 0.2733 8.3997 
(TM, 2.2, 1.228, 0.961) 2600.1 31.8 91.0 0.3234 9.2499 
(TM, 2.3, 1.011, 0.573) 2599.8 31.8 94.1 1.6292 48.1299 
(TM, 2.4, 0.859, 0.435) 2600.1 31.8 94.3 2.3625 70.0357 
(TM, 2.5, 0.687, 0.429) 2600.1 31.8 95.2 17.7538 530.6849 
(TM, 2.6, 0.214, 0.886) 2599.9 31.8 95.7 3.2365 97.4794 
24 cm-1   
(TE, 2.2, 0.946, 0.345) 2599.5 23.8 91.5 0.3561 13.6672 
(TE, 2.3, 0.726, 0.267) 2599.9 23.8 91.8 1.2487 48.2469 
(TE, 2.4, 0.555, 0.261) 2599.7 23.9 94.0 0.4152 16.3342 
(TE, 2.5, 0.408, 0.266) 2600.1 23.8 95.6 0.2120 8.5028 
(TE, 2.6, 0.237, 0.334) 2599.7 23.8 97.1 0.1830 7.4620 
(TM, 2.2, 1.288, 0.611) 2600.0 23.8 91.5 0.7202 27.6792 
(TM, 2.3, 1.052, 0.455) 2600.1 23.8 93.0 0.5400 21.0906 
(TM, 2.4, 0.893, 0.358) 2599.9 23.8 93.0 0.9343 36.5372 
(TM, 2.5, 0.721, 0.355) 2600.2 23.9 94.1 2.7034 106.5626 
(TM, 2.6, 0.380, 0.606) 2599.8 23.8 95.9 1.2659 51.0744 
16 cm-1   
(TE, 2.2, 0.966, 0.262) 2599.7 15.8 87.6 0.2255 12.4884 
(TE, 2.3, 0.741, 0.212) 2599.8 15.9 88.5 0.5935 33.0757 
(TE, 2.4, 0.569, 0.208) 2599.9 15.8 91.2 0.2029 11.6988 
(TE, 2.5, 0.424, 0.212) 2600.1 15.8 93.6 0.1181 7.0085 
(TE, 2.6, 0.261, 0.258) 2599.5 15.9 95.5 0.1114 6.7021 
(TM, 2.2, 1.335, 0.438) 2599.9 15.8 89.5 0.3127 17.7129 
(TM, 2.3, 1.097, 0.342) 2600.1 15.8 90.3 0.2055 11.7573 
(TM, 2.4, 0.930, 0.277) 2600.1 15.8 90.3 0.3884 22.1582 
(TM, 2.5, 0.758, 0.275) 2600.6 15.8 91.7 0.8751 50.7937 
(TM, 2.6, 0.463, 0.444) 2600.1 15.8 95.0 0.3801 22.7944 
 
 
 
 
8 cm-1   
(TE, 2.2, 0.995, 0.168) 2599.7 7.8 76.1 0.0926 9.0359 
(TE, 2.3, 0.764, 0.140) 2599.9 7.8 77.7 0.1858 18.5013 
(TE, 2.4, 0.591, 0.140) 2599.9 7.8 83.8 0.0719 7.7254 
(TE, 2.5, 0.448, 0.143) 2599.9 7.8 87.5 0.0474 5.3026 
(TE, 2.6, 0.292, 0.170) 2599.8 7.8 90.5 0.0486 5.6220 
(TM, 2.2, 1.396, 0.267) 2600.0 7.9 81.5 0.0785 8.1481 
(TM, 2.3, 1.154, 0.217) 2599.7 7.9 82.0 0.0627 6.5519 
(TM, 2.4, 0.978, 0.179) 2599.9 7.8 81.1 0.1206 12.5280 
(TM, 2.5, 0.806, 0.179) 2600.2 7.8 84.4 0.2531 27.5174 
(TM, 2.6, 0.547, 0.278) 2600.1 7.8 90.7 0.1056 12.2939 
       
aThe ratio of IIB to IOB is used to evaluate the influence of sideband or background reflections.  
bFigure of merit  (FOM) for narrowband GMR reflectance filters is  FOM = Rpeak (IIB/IOB) / FWHM. 
25 
 
By using a design optimization process that considers the magnitude of reflected intensity 
at wavelengths other than the resonant wavelength, it becomes possible to design narrowband 
GMR filters that can efficiently reflect a narrow band of wavelengths appropriate for use in 
spectrometers, even in the presence of optical losses in the device materials.  The forgoing 
analysis assumes that the incident illumination is perfectly collimated. Light emitted by extended 
thermal sources used in spectrometers, however, is not perfectly collimated. Because the spectral 
response of narrowband GMR filters is very sensitive to the incident angle [64], such angle of 
divergence arising from imperfect collimation can degrade the performance of narrowband GMR 
filters by reducing peak reflectance and broadening filter bandwidth. The trade-off between 
narrow bandwidth and performance limitation by imperfect collimation must also be taken into 
consideration when selecting bandwidth of GMR filters for DFIR spectroscopy, and this will be a 
topic of a future publication.   
The IIB/IOB ratio depends on the spectral interval of integration. If the spectral interval of 
integration becomes wider than the region of 2300-3200 cm-1, the sideband reflections will 
increase for optimal layer designs but decrease for others, making the advantage of optimal layer 
designs for having low background reflections near the resonance wavenumber of 2600 cm-1 
indistinguishable. By co-locating optimized narrowband GMR filters with one IR bandpass 
transmission filter with wide bandwidth such as 2300-3200 cm-1, the optical power outside the 
pass band can be blocked, and the signal from the small spectral region of interest can then be 
further improved with high IIB/IOB ratio powered by the optimal layer design.  
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Comparison to the antireflection thin-film equivalence method 
It is meaningful to compare the optimal layer design of GMR filters developed in this paper with 
the conventional design method with antireflection (AR) thin-film equivalence concept [55, 70]. 
For double-layer GMR filter structures, AR conditions for TE require that layer thicknesses of 
grating layer and waveguide layer  are mλres/4(εgr,eff)1/2 and mλres/4(εwg)1/2, respectively, where m 
= 1, 3, 5, …, εgr,eff = (εc + εSiN)/2, λres = 1/PWV, and εc = 1 (air). Here we choose m = 1 because 
smaller grating depth can result in narrower bandwidth, which is favorable for applications to IR 
spectroscopy. Because the imaginary part of the permittivity of Si3N4 at 2600 cm-1 is ~2.2×10-3, 
which is much smaller than the real part of its permittivity (~4.04), we use the real part of 
permittivity in Si3N4 approximately in the AR design. In Fig. 2.9(a) the blue curve shows the 
spectral response of the filter with AR design, where dgr = 0.606 µm and dwg = 0.478 µm. The 
grating period Λ = 2.42 µm is finely adjusted to match the filter resonance wavenumber with the 
targeted 2600 cm-1, as shown in the inset.  
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Fig. 2.9 (a) Comparison of GMR filter designs for TE PWV of 2600 cm-1 using AR thin-film 
equivalence concept (blue) and using our optimal design method for 24 cm-1 bandwidth and the 
same fitted PWV (red), when  TE-polarized light is normally incident. The FWHM bandwidth 
of the AR designed filter is 86 cm-1. Inset: PWV vs. the grating period for GMR filters with 
AR thin-film equivalent thicknesses at the specified wavenumber of 2600 cm-1. The layer 
thicknesses are dwg = 0.478 µm (quarter-wave) and dgr = 0.606 µm (quarter-wave). The grating 
period is tuned to match the targeted PWV of 2600 cm-1, resulting in the grating period Λ = 
2.42 µm for the AR designed filter. (b) E-field enhancement distribution for TE polarization in 
the GMR structure using AR approximation design at a resonance wavenumber of 2600 cm-1 
(left) and in the structure using optimal design method for 24 cm-1 bandwidth at a resonance 
wavenumber of 2599 cm-1 (right). 
 
In Fig. 2.9(a) the red curve shows the optimal layer design [TE, 2.3, 0.726, 0.267] for 
bandwidth of 24 cm-1. However, the FWHM bandwidth of the filter with AR equivalence design 
is 86 cm-1, which is not narrow enough to detect the signal in the narrow spectral region of 
interest in routine IR spectroscopy. The large bandwidth of the filter with AR design arises 
because the modulation index, (εSiN - εAir)/ (εSiN + εAir) = 0.60, is too large to correctly model the 
heavily modulated grating layer with effective permittivity [70]. Incorporating one more layer in 
the surface-relief filter structures (triple-layer GMR filters) may further reduce sidebands of the 
filters with AR design, but the resonance linewidth cannot be effectively improved because the 
bandwidth of GMR filters is mainly determined by the magnitude of the modulation index. The 
minimum out-of-bandpass reflections of the filter with AR design and the filter created with the 
28 
 
optimal design method are 2.5% and 1.2% near resonance, respectively, indicating that the 
optimally designed filter can have narrower linewidth without sacrificing low out-of-bandpass 
reflections. In Fig. 2.9(b) the on-resonance E-field enhancement distributions of the two filters 
are compared, which shows that the filter with optimal design [TE, 2.3, 0.726, 0.267] has a 
higher maximum field enhancement due to narrower linewidth and longer photon lifetime. 
Besides the optimized filters for 24 cm-1 bandwidth, filters with optimal layer designs for 
narrower bandwidths such as 8 and 16 cm-1 can have narrower linewidth and greater E-field 
enhancement factor at a specific resonance wavenumber, characteristics that are promising for 
application to optical sensing in mid-IR as well as DFIR spectroscopy.  
Although GMR filters are polarization dependent, DFIR spectroscopy requires only one 
polarization. Therefore, optimally designed narrowband GMR filters presented in this work can 
serve this specific purpose. However it is also interesting to consider polarization independent 
optical filters such as two-dimensional periodic grating filters or photonic crystals [71].    
 
2.3 Conclusions 
In summary, we demonstrate design optimization of narrowband GMR filters in the mid-IR, with 
absorption and dispersion properties of materials taken into consideration. We illustrate the 
effect of absorption on GMR filters with narrow bandwidth, which limits the performance of 
GMR filters by creating a trade-off between filter bandwidth and peak reflectance. The optimal 
design method developed in this work provides high-performance GMR filter designs with 
accurate control of filter resonance wavenumber, reduced background reflection, and various 
narrow bandwidths. Based on the same index modulation value, the filter designed by the AR 
equivalence method has a bandwidth of 86 cm-1, but the filters designed with the optimal design 
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method developed here can have bandwidth smaller than 32 cm-1 without sacrificing low 
sideband reflections near resonance. We anticipate that the optimal design method developed 
here will guide the design and fabrication of narrowband GMR filters for DFIR spectroscopy and 
many other applications that can take advantage of the unique properties of GMR filters.  
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CHAPTER 3 
 
SCULPTING NARROWBAND FANO RESONANCES INHERENT IN THE 
LARGE-AREA MID-INFRARED PHOTONIC CRYSTAL 
MICRORESONATORS FOR SPECTROSCOPIC IMAGING∗ 
 
 
 
Here we report the design and demonstration of mid-IR high-performance PC resonant 
filters that are based on guided-mode-type Fano resonances [72]. We term this class of dielectric 
microresonant structures guided Fano resonators (GFRs). Compared to the aforementioned 
selective thermal emission and filtering methods, GFRs here are capable of exhibiting single 
peak, narrow linewidth (λ/∆λ ~ 100), and high peak-background contrast ratio in their reflection 
spectra. Since spectroscopic measurements require more than one filter, we sought to co-
fabricate a series of GFRs that are designed with different resonant wavelengths upon a single 
glass substrate as a ‘filter wheel’. This approach considerably simplifies fabrication while 
imparting exquisite control needed over the wide bandwidth. The planar design of our one-layer 
devices has a feature size of ~1 µm, thus their fabrication is not a challenge for available 
photolithography and deposition/etching tools. Finite element method (FEM) electromagnetic 
computation and a Fano interference model are reported to model the devices and validate 
experimental spectra. Finally, the GFR filter wheel is incorporated into a new DF-IR imaging 
instrument. DF-IR imaging is validated using a polymer (SU-8) USAF resolution target against 
FT-IR imaging in the spectral region around the C−H stretching vibrational mode (wavenumber 
                                                           
∗
 This chapter is reprinted with permission from J.N. Liu et al. “Sculpting narrowband Fano resonances inherent in 
the large-area mid-infrared photonic crystal microresonators for spectroscopic imaging”. This paper was published 
in Optics Express and is made available as an electronic reprint with the permission of OSA. The paper can be found 
at the following URL on the OSA website: http://dx.doi.org/10.1364/OE.22.018142. 
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ν = 2600−3300 cm-1) and the potential of rapid IR imaging in pathology is demonstrated by 
breast tissue imaging. 
 
3.1 Results and Discussion 
Underlying principles and analytical design of high-contrast-ratio, narrowband GFRs 
Fig. 3.1a presents a schematic illustration of the GFR for mid-IR spectroscopy and 
imaging. Our device is comprised of a single layer of IR-transparent (for light of wavelength λ < 
6 µm), periodically structured silicon nitride (Si3N4) thin film on top of a soda lime (SL) glass 
substrate. The depth of the subwavelength structure (d1) determines the resonance bandwidth 
[73]. The layer thickness d2 and the period Λ control the peak-background ratio, lineshape, and 
spectral location of the resonance, thereby enabling facile design and flexibility in fabrication by 
combinations of values.  
When illuminated by a broadband source, the coupling between the incident light and the 
periodic subwavelength structure may occur in two ways. (i) Incident light at λ couples to the 
discrete in-plane guided mode supported by the structure via ±1st-order Bragg scattering 
described by the momentum-matching condition:  
                                                      (3.1) 
where kmode is the wavevector of a specific guided mode,  is the unit vector in the x direction, 
k0 is the wavevector for the incident light (|k0| = 2pi/λ), θi is the angle of incidence (θi = 0o is 
chosen for single-peak resonance in the present work), and Gx is the reciprocal lattice vector (|Gx|
 
= 2pi/Λ). The mechanism creates a sharp resonance peak in the spectra (resonant Wood’s 
mode 0 i xˆ sinθ= ±k x k G
xˆ
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anomalies) [74-76]. (ii) Incident light couples to the continuum broadband vertical Fabry−Pérot 
(F−P) microcavity [77], as illustrated in Fig. 3.1b. Processes (i) and (ii) take place 
simultaneously, leading to a total reflectivity spectrum, R(ν), expressed as a phenomenological 
Fano interference model [74, 78] given as 
                                   (3.2) 
where R(ν) is an interference effect of the continuum direct contribution (with amplitude ac) and 
the discrete Lorentzian resonance (with amplitude br, resonance wavenumber νres, and bandwidth 
∆ν) with a phase difference φ. Within an appropriate spectral range, the slowly-varying 
continuum ac(ν) can be expressed approximately as , 
where a0, a1, and a2 are fit parameters. When ν = νres, the ratio of the power in the guided 
resonance to that in the continuum background is Pr/Pc = |br/ac(νres)|2 [79]. A resonance spectrum 
with a symmetric lineshape occurs when the phase difference φ = 0 [78] or ac = 0 [74]. When 
, the incident wave does not satisfy the momentum-matching condition and cannot 
be coupled into the guided mode. Thus, only the continuum F−P multiple reflections determine 
the background reflectance. When , the reflected wave is the interference of the 
guided mode and F−P reflections, exhibiting an asymmetric Fano lineshape [74, 78]. The 
coherent interference between a discrete narrow-linewidth and broadband contributions 
originates from atomic physics [80], and has been observed in a variety of photonic/plasmonic 
micro- and nano-systems [72, 81-86].  
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Fig. 3.1 Principle and design of mid-IR narrowband high-contrast-ratio GFRs. (a) Schematic 
diagram defining the orientation and polarization of incident light and the structural parameters 
of the GFR. TE, transverse electric. TM, transverse magnetic. (b) Incident mid-IR radiation gets 
reflected via two channels presented in the structure, Lorentzian narrow-linewidth guided 
resonance and broadband Fabry−Pérot (F−P) reflection. (c) Computed F−P reflectance spectra 
vs. thickness for a flat thin slab with an effective thickness tslab = d2 + d1/2 and refractive indices 
nSiN = 2.02 and nSL = 1.47 at normal incidence. Cutoff curves of the several lowest-order guided 
modes are combined with the reflectance contours for design of GFRs. (d) Calculated dispersion 
curves of the two fundamental guided modes, TE0 and TM0, in a flat thin slab with tslab = 730 nm. 
Higher-order modes TE1 and TM1 have cutoff wavenumbers of 5984 and 6935 cm
-1
, 
respectively, and are beyond the frequency range here. The inset illustrates how to determine Λ 
for a given νres based on a dispersion curve. (e) Analytically predicted Λ vs. resonance 
wavenumber (white dashes) near the C−H stretching region. FEM-computed reflectance maps 
for a physical structure with [θ1, θ2, f, d2, d1] = [55
o
, 55
o
, 0.35, 580 nm, 300 nm] (corresponding 
to tslab = 730 nm) are overlaid for comparison. 
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A figure of merit for spectroscopic sensing, which depends on separating the peak 
reflectance of the resonance (Rpeak) from the continuum reflectance in the vicinity of the 
resonance (Rvicinity), is proposed here as a contrast ratio (CR):  
peak
vicinity
R
CR
R
=
                                                                  (3.3) 
Ideally, a GFR for spectroscopy must have a high CR and therefore a low Rvicinity. Second, a 
guided resonance must occur at a targeted wavelength. Therefore, it is essential to assure that the 
in-plane guided mode is not cut off when layer thicknesses are optimized for low continuum 
reflectance. Here, based on these considerations we use an efficient analytical methodology in 
designing narrowband GFRs.  
The Si3N4 slab thickness determines both the broadband continuum F−P reflection and 
the guided mode dispersion kmode(ν). By ignoring the periodically structured surface to a first 
approximation for GFRs with a narrow linewidth, the GFR structure becomes an equivalent thin-
film slab of effective thickness tslab = d2 + d1/2, whose F−P reflectivity (RF-P) and guided mode 
cutoffs can be computed separately using the propagation matrix method [58, 87] and dielectric 
waveguide theory [58], respectively.  
By using the propagation-matrix approach the incident, reflected, and transmitted waves 
are related in a dielectric slab with a thickness tslab as depicted in the bottom left inset of Fig. 
3.1c: 
                                                            (3.4) 
where E0 is the amplitude of the incident wave, and r and t are the reflection and transmission 
coefficients, respectively. The backward-propagation matrix B is defined as 
0 0
0 0
E tE
rE
   
=   
  
B
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               (3.5) 
where , , and  for normal incidence (θi = 0o). 
In our case, all of the materials are dielectric and non-magnetic (relative permeability of the 
medium µ r = 1). The F−P reflectance is obtained by  
2
2 21
F-P
11
bR r
b
= =
                                                               (3.6) 
The method shown here can be easily generalized to multilayered optical thin-film structures. 
By using the dielectric waveguide theory, the propagation wave vector kmode can be 
obtained by solving the eigenequations for guidance condition for a guided mode with a mode 
number m in a dielectric slab with a thickness tslab: 
                     (3.7) 
for the TEm mode, and  
                 (3.8) 
for the TMm mode;  and  are the decay constants in the transverse (z) direction in air and 
in the soda lime substrate, respectively, and are defined as  
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When cut off, decay constant vanishes in the substrate region, leading to  and . 
Then the cutoffs can be determined from Eq. (3.7) and (3.8). 
Fig. 3.1c presents the analytically calculated RF-P spectrum of the equivalent flat thin-film 
slab for normal incidence and cutoff wavenumber of several lowest-order guided modes as a 
function of tslab. In our GFRs, fundamental guided modes TE0 and TM0 are employed for 
resonances in the C−H stretching region, and therefore this spectral range for a tslab has to be 
above the cutoffs for TE0 and TM0 modes. Additionally, the higher-order modes are designed to 
be cut off in the C−H stretching region in order to display a single resonance peak [73]. Thus, the 
spectral range for a tslab must be below the cutoffs for TE1 and TM1 modes. At the same time, 
high CR requires small Rvicinity near the spectral location of resonance, which suggests locating 
the C−H stretching region for a tslab between two ridges of high RF-P in Fig. 3.1c. Here, we 
choose tslab = 730 nm (yellow dashed line in Fig. 3.1c) for low RF-P around 2800−3300 cm-1 and 
fundamental-mode (TE0 or TM0) operation. After engineering both broadband F−P reflection and 
guided mode cutoffs, the structure period Λ is determined analytically based on the momentum-
matching condition (Eq. (3.1)) in order to locate resonances in the targeted spectral region. 
Predicting Λ for a given νres using Eq. (3.1) requires knowing dispersion curves of kmode(ν), 
which are plotted in Fig. 3.1d for TE0 and TM0 guided modes (calculated with Eqs. (3.7) and 
(3.8)). The dispersion curves start from the cutoff condition on the substrate light line 
(
mode 0 SLk k n= ) and approach the slab light line ( mode 0 SiNk k n→ ) for high-wavenumber limit. 
Normally-incident IR radiation above the air light line acquires a momentum of 2pi/Λ in the x 
direction and then couples to the guided mode dispersion kmode(ν) based on the momentum-
matching condition |kmode(ν)| = kmode(ν)
 
= 2pi/Λ, which determines and predicts Λ for a given νres 
(as illustrated in the inset of Fig. 3.1d). As shown in Fig. 3.1e, the analytically predicted period Λ 
SL 0α = mode 0 SLk k n=
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is plotted as a function of resonance wavenumber for TE and TM polarizations, showing good 
agreement with the reflectivity map computed with FEM (COMSOL Multiphysics) for a 
physical structure for comparison, where d1 is chosen to be 300 nm for a narrow resonance 
bandwidth of ~30 cm-1 at 2700−3200 cm-1 [73]. To compare with the results of analytical 
predictions constant refractive indices (nSiN = 2.02 and nSL = 1.47) were used in the FEM 
computation in Fig. 3.1e. FEM computation also verifies low continuum background that is 
predicted by the analytical approach in Fig. 3.1c in the vicinity of the C−H stretching region. 
Thus, we provide an analytical framework for design of high-efficiency GFRs.  
 
Experimental realization and validation of large-area narrowband high-CR mid-IR GFRs 
The dispersion diagram in Fig. 3.1d indicates that the spectral position of the resonance is 
sensitive to the angle of incidence based on the momentum-matching condition (see Fig. 3.2). 
Therefore, our GFRs are designed for collimated normal incidence instead of tight focusing on a 
small area. This necessitates a practical constraint that the area of a resonator structure be large to 
collect enough light.  
Based on these constraints and the desired spectral range of 2700−3200 cm-1 in mid-IR, 
we fabricated a group of (seven) large-area (>20×20 mm2) GFRs on a 4-inch soda lime glass 
substrate. First, a Si3N4 thin film with a thickness of ~880 nm was deposited on soda lime glass 
(Mark Optics) by plasma-enhanced chemical vapor deposition (Mesc Multiplex PECVD, STS) at 
a pressure of 900 mTorr, temperature of 300 °C, and gas flow rates of 1960, 80, and 50 cm3/min 
for N2, SiH4, and NH3 respectively. AZ 5214-E was used as positive tone photoresist (PR) for 
photolithography and was spun coat on Si3N4 at 4000 rpm for 45 s. Following prebake at 110 oC 
for 60 s to remove moisture, PR was exposed to UV (λ = 405 nm) radiation at 21.6 mW/cm2 for 
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9.6 s through a chrome mask. Then PR was developed in AZ 327 MIF (metal ion free) for 32 s 
followed by treatment with oxygen plasma (Jupiter III, March Instruments) at 600 mTorr under 
100 W for 3 min. After hard bake at 120 
o
C for 2 min, the Si3N4 layer was then etched using CF4 
reactive ion etching (Freon/O2 RIE, PlasmaLab) at a pressure of 35 mTorr under 90 W for 5.3 
min to achieve an etch depth of ~300 nm. Finally, residual PR was removed using acetone in an 
ultrasonic bath for 5 min followed by piranha cleaning (H2SO4:H2O = 3:1) for 2 min. The 
fabricated structures are shown in the optical image (Fig. 3.3a) and scanning electron microscopy 
(SEM) top view image (top right inset of Fig. 3.3a). The cross-sectional height profiles of the 
fabricated GFRs were analyzed with an atomic force microscope (AFM) (Dimension 3000, 
Digital Instruments) in tapping mode using a monolithic silicon tip with 30-nm-thick aluminum 
reflex coating (Budget Sensors), as shown in Fig. 3.3b. Based on AFM measurements the 
structure parameters Λ, f, θ1, θ2, and d1 of the fabricated GFRs were evaluated (Table 3.1). In 
addition, each structure is resonant with two orthogonal polarizations of incident light, enabling 
TE and TM modes of each structure to double the number of available filter wavelengths.  
 
 
Fig. 3.2 Spectral response of the GFR as a function of incident angle (θi) and wavenumber for (a) 
TE polarization and (b) TM polarization. Far-field reflectance is computed using FEM for a GFR 
structure with [Λ, θ1, θ2, f, d2, d1] = [2 µm, 55o, 55o, 0.35, 580 nm, 300 nm]. Analytically 
predicted resonance peaks (white dashes) based on the momentum-matching condition and the 
calculated dispersion curves for tslab = 730 nm in Fig. 3.1d are overlaid for comparison. 
Refractive indices nSiN = 2.02 and nSL = 1.47 are assumed in both FEM computation and 
analytical prediction.  
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Fig. 3.3 Large-area mid-IR GFRs with narrow bandwidth and high CR. (a) Optical image of a set 
of large-area GFRs built on a 4-inch soda lime glass substrate. Top right inset: SEM image of a 
fabricated structure. (b) AFM cross-sectional profiles, vertically offset for clarity. The 3-D AFM 
topography image of the structure 7 (GFR-7) is shown in the top inset. (c) Measured and FEM-
computed far-field reflectance spectra of a representative device (GFR-3) when a TM-polarized 
(top) or TE-polarized (bottom) light is normally incident, along with the zoomed-in spectra in the 
vicinity of the resonances of all GFRs as shown in the inset. Each experimental spectrum is also 
fitted with the Fano interference model (Eq. (3.2)). (d) FEM-computed electric field amplitude 
(|E/Einc|) distributions in a unit cell of the GFR-3 at the indicated spectral locations in (c). 
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Table 3.1 Structural parameters of the fabricated GFRs. 
GFR 
structure 
Λ 
[µm] 
d1 
[nm]a 
f 
[%] 
θ1 
[o] 
θ2 
[o] 
d2 
[nm]a 
1 2.0371 290.7 33.5 57.8 48.7 580 
2 2.0715 293.6 31.9 57.3 48.4 542 
3 2.1029 301.1 34.4 61.7 54.7 585 
4 2.1294 295.3 36.1 58.1 54.2 622 
5 2.1574 323.3 37.9 60.1 64.1 593 
6 2.2069 304.5 34.4 57.7 48.9 580 
7 2.2470 277.1 36.1 54.5 49.2 568 
aFabrication uniformity of the large-area device can be estimated by evaluating  
<d1> = 297.94 nm, σ(d1) = 13.14 nm, and σ(d1)/<d1> = 4.41%  
<d2> = 581.43 nm, σ(d2) = 22.46 nm, and σ(d2)/<d2> = 3.86%  
<tslab> = <d2 + 0.5d1 > = 730.40 nm, σ(tslab) = 25.31 nm, and σ(tslab)/<ttslab> = 3.46% 
where <⋅⋅⋅> and σ(⋅⋅⋅) denote mean average and standard deviation, respectively. 
 
 
Fig. 3.3c shows the measured and calculated far-field reflectance at normal incidence for 
a representative resonator (GFR-3) along with the zoomed-in spectra in the vicinity of 
resonances for all GFRs. Far-field spectra were measured by using a Fourier-transform 
spectrometer (Vertex 70, Bruker), and reflectance values were evaluated by normalizing the 
spectral response of a GFR to that of a gold mirror. Two complementary approaches were 
pursued here to model the measured results. FEM simulations are used to compute the far-field 
reflectance spectra and the near-field electric field amplitude (|E/Einc|) distribution of the GFRs. 
Dispersion and optical absorption of the materials [61, 62] and structural parameters extracted 
from AFM measurements were used in the FEM computation in Fig. 3.3c. Here we used FEM to 
‘fit’ our measured reflection spectra data, and d2 was the only fit parameter. A proper value of d2, 
as listed in Table 3.1, was obtained for each structure by matching the resonance wavenumber in 
the FEM-computed TM-polarized spectrum to the experimental value. To explain the lineshape 
of the resonance as the result of Fano interference effect, experimental reflection spectra are 
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fitted to Eq. (3.2). The resonance bandwidth, lineshape of resonance, and off-resonance 
reflectance in the measured far-field reflection spectra closely match FEM predictions.  
The off-resonance background reflectance in Fig. 3.3c originates from continuum F−P 
multiple reflections, as described in the Fano interference model (Eq. (3.2)). The fabricated 
narrowband GFRs here have a corresponding tslab of ~730 nm (Table 3.1), and exhibit a 
minimum continuum reflectance of ≤10 % at 2800−3300 cm-1 in the experimental spectra, 
showing good agreement with the theoretical predictions of RF-P presented in Fig. 3.1c for an 
equivalent flat thin-film slab. As a result, the off-resonance background in the measured 
reflectivity spectra of GFRs is increased outside this spectral range. The width of this spectral 
range can be enlarged and the background reflection can be further suppressed by incorporating 
additional layers for broadband antireflection coating [53]. 
Because of high Rpeak at resonance, the interference of the downward incident wave and 
upward reflected wave at resonance creates obvious standing wave patterns along the z direction 
in air, as seen in the near-field electric field amplitude (|E/Einc|) distribution in Fig. 3.3d. The on-
resonance |E/Einc| distribution for TE polarization shows two maxima per unit cell within the slab 
in the in-plane (x) direction due to interference of guided waves propagating in opposite (±x) 
directions, confirming the momentum-matching condition (that is, |kmode| = 2pi/Λ at resonance) 
[88]. Combining both high Rpeak and low Rvicinity of ~5−8%, our one-layer resonant filters possess 
a CR (listed in Table 3.2) of 9.8−13.7 and 9.4−14.8 for TM and TE polarization respectively, 
showing >200% increase of CR than devices reported previously [64] (Fig. 3.4). Additionally, it 
is interesting to note that the very simple GFRs here show λ/∆λ and CR values comparable to 
that of recently developed narrowband mid-IR thermal emitters, based on rod-type two-
dimensional PC structures comprising 13 pairs of quantum-well epitaxial layers [89], which are 
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much more complicated. The measured far-field reflectance spectra of the fabricated GFRs and 
the fit with the Fano interference model match very well, from which values for 
 are determined and listed in Table 3.2. For guided Fano resonance, the phase 
difference (φ) goes to zero and the lineshape becomes symmetric when the direct F−P reflectivity 
reaches minimum [78, 90]. Our GFRs here are designed to have low background; consequently, 
φ is small for fabricated resonators.  
Table 3.2 Value of resonant wavenumbers (ν0), linewidth (∆ν), quality factor (Q), ratio of the 
powers in the Lorentzian resonance to in the direct continuum background (Pr/Pc), the relative 
phase difference between these two channels (φ), and contrast ratio (CR) by a fit with Eq. (3.2) 
of the experimental spectra in Fig. 3.3c. 
 GFR ν0 
[cm-1] 
∆ν  
[cm-1] 
Qa Pr/Pc φ 
[rad.] 
CRb 
TM-pol 1 3176.5 32.2 99 7.8 -0.58 14.8 
 2 3159.8 37.6 84 5.3 -0.74 10.7 
 3 3090.9 32.1 96 5.8 -0.76 11.6 
 4 3035.6 30.3 100 6.6 -0.65 11.2 
 5 3014.4 37.5 80 5.6 -0.63 11.3 
 6 2971.7 30.0 99 6.2 -0.73 10.2 
 7 2937.4 27.5 107 6.4 -0.71 9.4 
TE-pol 1 2906.1 38.6 75 8.3 -0.58 13.7 
 2 2889.6 44.9 64 5.7 -0.69 9.8 
 3 2826.9 41.7 68 6.3 -0.74 10.5 
 4 2778.2 36.6 76 5.8 -0.69 11.9 
 5 2763.7 50.2 55 5.9 -0.66 10.6 
 6 2716.4 37.5 72 5.4 -0.84 11.1 
 7 2691.8 39.3 68 4.7 -0.83 11.6 
aQ = ν0/∆ν ≅ λ0/∆λ; bCR = Rpeak/Rvicinity, where Rvicinity = |ac(ν0)|2 is estimated by fitting 
experimental spectra to Eq. (3.2). 
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Fig. 3.4 Comparison of measured spectra of the GFRs in the present work and the devices 
reported previously [64] for (a) TE polarization and (b) TM polarization. (Reproduced with 
permission from [64]. Copyright 2010 American Chemical Society.) 
 
A GFR-based instrument and DF-IR spectroscopic imaging  
Fig. 3.5a schematically illustrates the GFR-based instrument constructed for DF-IR 
imaging. Broadband IR emission from a SiC incandescent source is collimated by an off-axis 
parabolic mirror. Two circular apertures used to filter divergent IR radiations reduce the optical 
beam diameter to ~17 mm. Polarization of the beam is controlled by a wire-grid polarizer. 
Narrowband IR beam reflected by a GFR is directed toward the microscope by a beam splitter. 
After the beam enters the microscope, it is condensed through an IR aspheric lens (NT68-245, 
Edmund Optics) with a NA of 0.63 before passing though the sample, and then the transmitted 
beam is collected by an objective lens (#390028, LightPath) with a NA of 0.56. Images are 
captured by a liquid-nitrogen-cooled mercury cadmium telluride (MCT) 128×128 pixel focal 
plane array (FPA) detector (SBF161, Santa Barbara Focalplane) with a wide detection range (ν = 
1000−5000 cm
-1
 or λ = 2−10 µm). Given the large spectral range compared to other forms of 
spectroscopy, a major challenge is that even small out-of-band contributions can overwhelm in-
band signals. A broadband pass filter (BBP-3000-3900c nm, Spectrogon) is employed to reject 
IR radiation outside 2500−3300 cm
-1
 (λ = 3.3−4.0 µm). Both the GFR wheel mounting stage and 
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the sample stage are motorized and controlled by a personal computer. Fig. 3.5b shows measured 
spectral densities [91] of the broadband incandescent IR source and the GFR-reflected narrow-
bandwidth IR beam. Rotating the motorized mounting stage brings a specific GFR into the beam 
path, enabling rapid wavelength tuning. The DF-IR absorbance (ADF-IR) at any discrete frequency 
(νres of the GFR) using a GFR is evaluated as 
res
ref db
DF-IR 10
=
sample db
log I IA
I Iν ν
 
−
=   
− 
                                                   (3.11) 
where Isample is the transmitted IR intensity through the sample, Iref is the reference IR intensity 
through the unmodified BaF2 substrate, and Idb is the dark-background IR intensity due to 
ambient radiation when the input port of the microscope is closed. 
 
 
Fig. 3.5 (a) Schematic of GFR-based DF-IR spectroscopic imaging microscopy. Bottom inset: 
motorized GFR wheel mounting stage. Right inset: narrowband IR radiation passes through a 
sample under test. NA, numerical aperture. (b) IR spectra at the indicated beam locations in (a).  
 
Until now, there has not been a report of spectroscopic imaging using Fano-type 
narrowband incoherent radiation in the mid-IR. Hence, we validate our microscopy setup with a 
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SU-8 polymer USAF target. The USAF resolution target is made of a patterned layer (~10 µm 
thick) of SU-8 polymer (MicroChem) on a polished barium fluoride (BaF2) substrate (ISP 
Optics), fabricated using the conventional protocol of photolithography. 
Although SU-8 is transparent in the visible region of the spectrum, as seen in the optical 
image in Fig. 3.6a, it contains distinctive absorption bands in the C−H stretching region. As 
shown in Fig. 3.6b, DF-IR absorbance images clearly demonstrate the spatial fidelity and 
spectral content of the target. The BaF2 area has ADF-IR ≈ 0 because it is IR transparent. In 
addition to ‘Absorption ON/OFF’ imaging, it is also interesting to investigate DF-IR absorbance 
as a function of discrete wavelengths. Fig. 3.6c shows a series of DF-IR absorbance images and 
their corresponding spectra using a set of GFRs. The spectral densities of the GFR-reflected IR 
beam (colored in Fig. 3.6c) were characterized by coupling the beam to a Bruker Vertex 70 
spectrometer. The IR absorbance spectra of the SU-8 resolution target (grey in Fig. 3.6c) were 
measured with a FT-IR imaging microspectrometer (620-IR, Varian) equipped with a MCT FPA 
detector and a 15× Schwarzschild objective and condenser with a NA of 0.4 to provide IR 
spectral images with a ~725 µm field of view and a spatial resolution of ca. 5.65 µm×5.65 µm. 
The absorbance values were evaluated by converting the ratio of single beam spectra to an 
appropriately acquired reference spectrum using Beer-Lambert law. As seen in Fig. 3.6c, the DF-
IR absorbance of the three SU-8 bars gradually gets higher/lower when the peak of the GFR-
reflected IR beam enters/exits the IR absorption bands of SU-8. Fig. 3.6d shows the absorbance 
measured by DF-IR imaging, compared to a corresponding FT-IR measurement (see 
Experimental Section). The data agree reasonably with the discrepancy arising from the Fano 
lineshape, the finite linewidth, and background reflectance of the GFRs and differences in optical 
setup between the two systems [92, 93].  
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Fig. 3.6 DF-IR spectroscopic imaging of a USAF resolution target made of SU-8 polymer. 
Optical microscopic image (a) and mosaic DF-IR absorbance images (b) of a USAF resolution 
target (group 3, element 3, 4, and 5) when the resonance of the GFRs is outside (left, using TE-
polarized GFR-6) or within (right, using TE-polarized GFR-1) the IR absorption bands of SU-8 
polymer. (c) A series of DF-IR absorbance images of the area defined by the yellow dashed 
square in (b) using a set of GFRs made and their corresponding spectra (colored: measured IR 
spectral density of the beam before entering the microscope; grey: measured FT-IR absorbance 
spectra of SU-8 polymer at the position denoted by the red cross in the top left inset of (c)). 
Scale bar 100 µm. (d) Measured (averaged over 3×3 pixels, with error bars indicating ±1 
standard deviation, N = 9) and calculated DF-IR absorbance spectra of SU-8 polymer at the 
location denoted by the red cross in the top left inset of (c), along with the measured FT-IR 
absorbance spectrum at the same place. Fitted resonant wavenumbers in Table 3.2 were used to 
determine the spectral positions of DF-IR data set. (e) Measured DF-IR absorbance profiles 
along the red line in the inset. The DF-IR image in the inset is the same as the one for TE-
polarized GFR-1 shown in (c). (f) Measured FT-IR absorbance image of the same area and FT-
IR absorbance profile along the red line at 2908 cm
-1
, which is close to the resonance 
wavenumber of the TE-polarized GFR-1. 
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To address the discrepancy due to GFR characteristics, we developed a simple model to 
quantitatively explain the DF-IR spectrum. Based on Eq. (3.11), the modeled DF-IR absorbance 
can be written as  
 
FT-IR
beam cond obj
DF-IR 10 ( )at peak wavenumber
beam cond obj
( ) ( ) ( )
log
( ) ( ) ( )10 A
S T T d
A
S T T dν
ν ν ν ν
ν ν ν ν−
 
 =
 
 
∫
∫
                                 (3.12) 
where Sbeam(ν) represents the measured spectral density of the narrowband IR beam (color in Fig. 
3.6c), and AFT-IR(ν) represents a measured FT-IR absorption spectrum (grey in Fig. 3.6c and 4d). 
Tcond(ν) and Tobj(ν) are the transmittance spectra of the condenser and the objective lens, 
respectively (see Fig. 3.7). The integrations in the denominator and the numerator represent the 
transmission IR intensity through a thin layer of sample and the reference IR intensity through 
the air, respectively. As shown in Fig. 3.6d, the measured and modeled DF-IR absorbance 
spectra match very well. Therefore, the DF-IR system and its performance can be predicted, 
analyzed, and understood.  
 
 
Fig. 3.7 Transmittance spectra of the objective lens (LightPath) and condenser lens (Edmund 
Optics). 
 
For QCL-based IR spectral imaging, Sbeam(ν) has a delta-function-like spectrum, and 
therefore according to Eq. (3.12) we have ADF-IR ≈ AFT-IR and imaging with high spectral 
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sensitivity [19]. For GFR-based IR spectral imaging, Sbeam(ν) has a finite linewidth ∆ν (due to 
coupling of the resonant guided mode to radiation channels outside the GFR) and background 
intensity (due to continuum F−P reflection of GFRs and the broadband incandescent IR source 
used), as shown in Fig. 3.6c. Accordingly, ADF-IR is an average absorbance weighted by the Fano-
like spectrum of Sbeam(ν) according to Eq. (3.12), leading to ADF-IR ≤ AFT-IR when νres is within the 
IR absorption bands of the sample (‘Absorption ON’ state) and ADF-IR ≥ AFT-IR when νres is 
outside the IR absorption bands (‘Absorption OFF’ state), respectively. As a result, the DF-IR 
spectrum here shows a spectral sensitivity less than the FT-IR counterpart, with the peak ADF-IR 
being ~2 times larger than the ‘Absorption OFF’ ADF-IR as shown in Fig. 3.6d. Despite of this fact, 
engineering of narrow-bandwidth GFRs for low background reflectance and high CR in the 
vicinity of the spectral range of interest (Section 2.1 and 2.2) is the key to successfully observing 
the DF-IR spectroscopic contrast here that cannot be seen if using the devices reported 
previously (Fig. 3.4). The spectral sensitivity of the GFR-based DF-IR can be further enhanced 
by using narrowband multilayered GFRs with wideband antireflection design.  
In addition to comparisons of the DF-IR and FT-IR spectra, the DF-IR absorbance spatial 
profiles of the three SU-8 bars (Fig. 3.6e) are compared to the case measured with the FT-IR 
imaging microspectrometer (Fig. 3.6f). The height of profiles reflects value of the local DF-IR 
absorbance, and the sudden increase of absorbance at the edges is due to light scattering [19, 94], 
which is more apparent in DF-IR measurement due to the higher NA used.  
The GFR-enabled DF-IR instrument also allows for the investigation of the IR absorption 
spectra of biological specimens. Fig. 3.8a shows the optical image of an unstained human breast 
tissue sample (US Biomax), with a zoomed-in area of epithelium shown in the right inset. Breast 
tissue consists of complex microstructures which may have dissimilar IR response for different 
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optical polarizations. In order to focus on the optical absorption and not on polarization, here we 
probed DF-IR absorbance of tissue using narrowband IR beam with the same polarization (TM) 
reflected by the GFR wheel. Fig. 3.8b shows measured DF-IR and FT-IR absorbance spectra at 
the indicated location in Fig. 3.8a, along with the corresponding Sbeam(ν) spectra for GFRs used. 
The trend of the DF-IR absorbance spectrum of breast tissue matches that of the FT-IR spectrum. 
In the top inset of Fig. 3.8b, the FT-IR image at 2938 cm-1 (corresponding to νres of GFR-7) 
shows generally higher absorbance than the FT-IR image at 3014 cm-1 (corresponding to νres of 
GFR-5). In comparing DF-IR images as shown in Fig. 3.8c, we observe that the same contrast 
can be seen in DF-IR images that is observed in FT-IR imaging data as shown in Fig. 3.8b. 
Notably, we see that the epithelium can be readily discernible with just one frequency. Of course, 
use of other frequencies and spectral features can be used to refine this visualization and provide 
complete histopathological imaging.  
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Fig. 3.8 DF-IR spectral imaging of human breast tissue. (a) Optical images of an unstained 
human breast tissue specimen. (b) DF-IR absorbance spectrum (top) at the location marked by 
the green cross in (a) probed by narrowband IR beam reflected by the TM-polarized GFR wheel 
(IR spectral density Sbeam(ν) shown in the bottom). FT-IR absorbance spectrum at the same 
location and FT-IR absorbance images of the area defined by the red square in (a) at 2938 cm
-1
 
and 3014 cm
-1
 (corresponding to νres of TM-polarized GFR-7 and GFR-5, respectively) are also 
provided in the top for reference. Scale bar 50 µm. (c) DF-IR absorbance imaging, showing 
higher absorbance of tissue for GFR-7 (purple) than the value for GFR-5 (orange).  
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3.2. Conclusion 
By fully grasping the underlying principle and carefully designing, we sculpted optical properties 
of mid-IR GFRs for narrow bandwidth and high CR, which proved to be of critical importance in 
DF-IR spectroscopic measurements. In contrast to the QCL-based IR imaging system [19] where 
spatial coherence of laser introduces undesired fringe patterns into microscopic images, the 
GFR-based DF-IR instrument described here shows imaging quality comparable to that of the 
conventional FT-IR imaging. The collective set of results indicates that the concept and method 
of the DF-IR spectroscopic imaging can be applied not only to study of condensed matter 
materials but also to biological applications. While different types of tissue cells have similar 
mid-IR absorption spectra in the C−H stretching region, they show dissimilar spectral features in 
the fingerprint mid-IR region (1000−1600 cm-1), where optimal discrete spectral regions have 
been discovered for automated cancer pathology [13, 95]. Therefore, once an appropriate set of 
narrowband high-CR GFRs at those characteristic wavelengths are made, IR cancer pathology 
will benefit from efficiency and robust instrumentation of the GFR-based DF-IR technology. 
Looking forward, in conjunction with development of high-performance IR photodetectors and 
GFRs in other regions of the mid-IR spectrum, GFR-based DF-IR technology opens a number of 
new opportunities for mid-IR spectroscopy. In addition to efficient spectral imaging, GFR-based 
DF-IR technology could also make video-rate imaging measurements possible for a variety of 
applications. 
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CHAPTER 4 
 
MID-INFRARED NARROWBAND SILICON−GERMANIUM  
PHOTONIC FILTERS WITH COUPLED HIGH-INDEX RESONANT 
ANTIREFLECTION FOR ADVANCED MOLECULAR FINGERPRINT 
SPECTROSCOPY 
 
 
 
4.1 Introduction 
Spectral filtering based on Fano interference [72, 81] of the narrowband peak due to 
guided mode resonance (GMR) and broadband background owing to Fabry−Perot (FP) 
oscillation [74, 96] could simply replace its discrete, bulky quarter-wave-multilayer counterparts 
based on optical interference [36], and has been demonstrated in visible [97], near-infrared (NIR) 
[56], and the C−H stretching region (λ = 3−4 µm) of mid-infrared (MIR) [96]. However, there is 
no GMR-based filter when entering the important molecular fingerprint region (λ = 6−10 µm) in 
MIR, because this long-wavelength wide spectral range places unique challenges on the selection 
and processing of MIR-transparent materials and combination of different materials, usually with 
high refractive index values [98-100], for waveguiding leads to a high background that is 
undesired for spectral filtering. On the other hand, recently developed tunable external-cavity QC 
lasers that can cover the whole fingerprint MIR [101] have been shown to replace blackbody 
thermal emitters as a new light source for DFIR microspectroscopy [19, 102], with an ultra-
narrow spectral linewidth (~1 cm-1), high spectral density, high efficiency based on electrical 
injection instead of blackbody heating, and spectral tenability. However, studies also indicate that 
the spatial coherence of the laser light introduces unwanted interference pattern into MIR 
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microscopic images [19]. Hence, technologies that can lead to high-quality, high-brightness 
DFIR microspectroscopy in the molecular fingerprint MIR are still needed.  
Here, we propose a new photonic reflection filter in the fingerprint MIR that combines 
several types of optical resonances in a high-refractive-index system based on two MIR-
transparent group IV semiconductors: silicon (Si) and germanium (Ge) [99]. Using finite-
difference time domain (FDTD) simulations [103], we show that the double-layer group IV 
photonic devices can exhibit not only a sharp peak due to GMR but also a resonant antireflection 
(AR) [104-106] background in their MIR reflection spectra, an extraordinary characteristic 
enabled by the introduced substrate-coupled Mie resonance [105-107] located in high-index Ge 
subwavelength structures. In contrast to previous works where resonant AR is placed at the 
interface between air and a bulk high-index material [105, 106], the Mie resonance here is built 
on top of a layered dielectric waveguide medium, allowing us to observe its interactions with 
GMR and FP oscillations using different light transport pathways [104, 106]. Besides, we show 
that multiple high-index photonic devices with a variety of filtering wavelengths can be 
monolithically integrated on an easily-accessible large-area crystalline Si (c-Si) wafer using 
standard CMOS-compatible semiconductor fabrication facilities for scalability and 
standardization, making this technology attractive for many practical applications in MIR 
photonics. Finally, we illustrate a new compact MIR system that combines the high-index 
photonic filters and broadgain QC emitters [101] together, as a new, promising solution for high-
quality MIR spectroscopy and imaging.  
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4.2 Results and Discussion 
Mie-coupled high-index subwavelength wire array system 
Figure 4.1 illustrates the photonic structure that can exhibit both Mie resonance for 
broadband resonant AR [105, 106] and GMR for narrowband spectral filtering [74, 96] in MIR. 
It is comprised of a periodic array (with a period Λ) of layered MIR-transparent, high-index 
Ge/Si (nGe = 4 and nSi = 3.42) subwavelength wires (with a wire width w, height h, and Ge 
thickness tGe) built on top of a c-Si substrate. This structure can support a variety of different 
optical modes, as pointed out in Fig. 4.1. First, the air−Ge−Si asymmetric dielectric slab can 
provide optical waveguiding. The Ge thickness tGe, determining the dispersion characteristics of 
the horizontally propagating guided modes, and the period Λ together select a specific 
wavelength to be coupled to the radiative waves in air with a high peak reflectance, or GMR, 
based on the momentum matching condition [96]. At a wavelength (λ) smaller than the substrate 
Rayleigh anomaly wavelength (λRA = ΛnSi), incident light can couple into the Si substrate side 
through not only fundamental diffraction order (D0) but also higher orders (D±1). On the other 
hand, vertical FP interference determines the reflectivity when the wavelength is away from the 
GMR wavelength [74], and therefore the ultrahigh index contrast (∆n = 3) at the air−Ge interface 
with a reflectivity Rair|Ge = [(1 − nGe)/(1 + nGe)]2 = 36% leads to a high background reflectance 
and a low peak-background contrast ratio [96] for resonant filtering, based on the predictions by 
the well-established GMR theory [74].  
Nonetheless, by introducing another type of optical resonance, the photonic structure 
proposed here can exhibit behaviors entirely different from conventional GMR devices. As 
illustrated in Fig. 4.1, in this scenario the Ge wire at the air−Ge interface can support a well-
confined Mie mode for transverse magnetic (TM, electric field in the x direction) polarized 
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incident light, owing to its high refractive index and subwavelength dimensions [104-106]. Also, 
the bottom surface of the Ge microcavity is attached to the Ge/Si multilayer, introducing a leaky 
channel into the layered Ge/Si substrate for the photon that is resonantly confined in the Ge 
microcavity and therefore broadening the Mie resonance [105]. This mechanism creates 
broadband resonant AR, and recently has been used to enhance light-matter interactions in ultra-
thin photovoltaics based on high-index semiconductors [104, 108].  
 
 
Fig. 4.1 Schematic illustrating the MIR group IV photonic device with coupled high-index 
resonant AR, showing various optical resonances and photon transport channels presented in this 
structure. D0 and D±1, diffraction order 0 and ±1. 
 
Next, we studied optical properties of the high-index Ge/Si subwavelength wire array. In 
order to accommodate a Mie mode in the Ge wire, the wire dimension cannot be too small. Fig. 
4.2a shows FDTD-computed MIR far-field reflectance spectra for high-index wire arrays with 
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tGe = 2 µm, Λ = 2.4 µm, and w = 1.2 µm, but different h values (0, 0.3, and 2 µm). Like most 
standard GMR devices [74, 96], the ‘thin’ high-index wire array with h = 0.3 µm (blue) shows a 
background reflectance similar to that of the flat bare Ge/Si slab (green) when away from the 
GMR wavelength and a sharp, asymmetric peak due to Fano resonance [74, 96]. When h is 
increased to 1 µm (red), this ‘thick’ wire array exhibits a distinctly broadband low reflectance in 
a wide spectral range of 5−12 µm, as well as a high, symmetric GMR peak, leading to an 
ultrahigh peak-background contrast ratio for narrowband filtering. A reflectance as low as 1.2% 
can be achieved at λ = 6.9 µm for the thick wire array, in contrast to reflectance values of 29.3% 
and 38.8% at the same spectral location for the thin wire array and the bare slab, respectively.  
In order to understand this unexpected and extraordinary behavior of the high-index wire 
array, Figs. 4.2b−4.2e show FDTD-computed electric field amplitude (|E|) distributions at the 
indicated spectral locations in Fig. 4.2a. Because of the high GMR peak reflectance for the thick 
wire array at λ = 8.57 µm (‘GMR ON’), the interference of the radiative waves propagating in 
opposite (±z) directions creates obvious standing wave patterns in air, as seen in Fig. 4.2b. For 
the bare Ge/Si slab and the thin wire array at λ = 6.9 µm (away from GMR, or ‘GMR OFF’), the 
incident light couples to various optical channels including reflected light, guided waves, and 
transmitted diffraction orders, through both the reflection and transmission process at the air−Ge 
and Ge−Si interfaces and Bragg diffraction assisted by periodic wire structures, referred to as the 
‘direct pathway’ for light transport. Because of a refractive index contrast ∆n = 3 at the air−Ge 
interface, this direct pathway mechanism leads to a high FP background reflectance, resulting in 
obvious interference patterns in air due to superposition of the incident and reflected waves, as 
seen in Figs. 4.2c and 4.2d. The |E| pattern in the substrate region for the thin wire array (Fig. 
4.2d) is caused by optical interference of the three different diffraction orders (D0 and D±1) when 
57 
 
λ < λRA = 8.21 µm. For the thick wire array (h = 1 µm), Fig. 4.2e clearly shows excitation of a 
confined Mie mode [105] in the Ge wire (‘Mie resonance ON’). The excited Mie mode extends 
to the bottom Si wire, opening a leaky channel to the Si substrate for photon transport and 
therefore leading to a broadband resonant AR [105, 106]. This broadband Mie resonance at the 
interface introduces a new ‘resonant pathway’ for light transport in addition to the direct 
pathway, and prefers to scatter light into the high-index Si substrate due to the higher density of 
states for photon there [104]. As a result, the field amplitude in air is uniform due to excellent 
AR, as seen in Fig. 4.2e. The corresponding FDTD-computed Poynting vector distributions 
(Figs. 4.2f and 4.2g), with arrow sizes proportional to the power flow intensity, can be used to 
complement field distributions in Figs. 4.2d and 4.2e to further illustrate this resonant AR effect. 
For the thick wire array (Fig. 4.2g), incident light power flows into the high-index Ge wire first, 
exciting the Mie mode (Fig. 4.2e), and then couples to the bottom Si substrate (resonant 
pathway). On the other hand, there is only direct pathway in the thin wire array (Fig. 4.2f), and as 
a result, incident power flows across the air−Ge interface nearly uniformly, and the power flux 
intensity is smaller compared to the resonant AR case.    
To further examine the operational range of this resonant AR effect, we computed 
reflectance spectrum of the high-index wire array as a function of h, as shown in Fig. 4.2h, with 
corresponding spectral locations of Figs. 4.2b−4.2g marked. When h is small (h < 0.4 µm), the 
Mie resonance is cut off, and the ‘GMR OFF’ reflectance is similar to the FP multilayer 
interference of the bare slab, as predicted by theories of GMR [74]. When the high-index Ge 
wire space approximately matches the dimension of the Mie modal volume, MIR broadband 
resonant AR effect can be achieved and strong within a certain range of h = 0.7−1.4 µm, defining 
the ‘Mie-coupled regime’ for high-index wire arrays.  
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Besides, it is notable that the array period Λ = 2.4 µm is smaller than the MIR free space 
wavelength at λ = 5−12 µm, and therefore there is only 0th-order diffraction in the air side. As a 
result, the reflected light from the direct and resonant pathways can interfere destructively in the 
surface-normal direction, which has been pointed out recently as a sufficient condition for 
resonant AR [106].  
 
 
Fig. 4.2 (a) FDTD-computed far-field reflectance spectra in the molecular fingerprint region of 
MIR for high-index Ge/Si layered wire arrays with Λ = 2.4 µm, w = 1.2 µm, and tGe = 2 µm for 
different h (0, 0.3, and 1 µm). (b-e) FDTD-computed electric field amplitude (|E|) distributions 
of a unit cell at the corresponding indicated spectral locations marked in (a). (f,g) FDTD-
computed Poynting vector distributions to complement corresponding field distributions in (d,e). 
The arrow size is proportional to the power flux intensity. (h) FDTD-computed reflectance 
plotted as a function of wavelength and height h, with Λ = 2.4 µm, w = 1.2 µm, and tGe = 2 µm.  
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Effects of the coupled Mie resonance on GMR 
A close look at Fig. 4.2h indicates that the GMR linewidth broadens as h increases for 
thin wire arrays, but keeps nearly unchanged when entering the Mie-coupled regime, providing 
an interesting way to probe interactions between the broadband Mie resonance and the 
narrowband GMR. Here, we fitted the FDTD-computed reflectance spectrum in Fig. 4.2h for 
each h value with the Fano interference model, from which the GMR linewidth is extracted [96].  
The GMR linewidth is plotted as a function of h (Fig. 4.3a). Representative spectra (FDTD and 
Fano fit) for different h (0.3, 1.1, and 1.8 µm, as marked in Fig. 4.3a) are shown in Figs. 
4.3b−4.3d. 
 
 
Fig. 4.3 (a) Fitted GMR linewidth plotted as a function of h, showing distinct behaviors in the 
three regimes. For each h value, the FDTD-computed spectrum is fitted with the Fano 
interference model, from which the GMR linewidth value is extracted. The process is illustrated 
in representative spectra for each regime as shown in (b-d) for different h (0.3, 1.1, and 1.8 µm) 
indicated in (a).  
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When h < 0.7 µm, the dimension of Ge wire does not allow accommodation for Mie 
modes. In this regime, a thicker h causes a stronger coupling of the guided mode to the surface-
normal radiative waves in air, resulting in a wider GMR linewidth, as seen in Fig. 4.3a. This 
common behavior can be found in typical photonic devices that can support GMR [56], and we 
will refer to this regime as the ‘conventional GMR regime’. The FDTD-computed GMR 
spectrum for h = 0.3 µm in this regime is shown in Fig. 4.3b, exhibiting excellent agreement with 
the Fano fit. When in the Mie-coupled regime (h = 0.7−1.4 µm), the GMR linewidth stops 
broadening and keeps almost unaffected for a larger h, as shown in Fig. 4.3a. In this regime, light 
transports between the arising Mie resonance and GMR through the resonant pathway, and 
coupling of the Mie resonance and GMR leads to a narrower linewidth, cancelling out the 
broadening effect due to a large h. The combining effects enable a narrow GMR linewidth 
(~16−21 cm-1) for MIR spectroscopy of the condensed matter, with a large h value that is 
required to activate the Mie resonance. Also, the resonant broadband AR in this regime leads to a 
low off-GMR background and a symmetric Fano lineshape, as seen in Fig. 4.3c. When h > 1.4 
µm, the Mie resonance becomes weaker. The Fano interference of the increasing broadband 
background and the GMR leads to a sharp, asymmetric spectral lineshape, and this effect 
becomes even stronger as h increases. As a result, in this “asymmetric Fano regime” the GMR 
linewidth gets narrower for a larger h, as seen in Fig. 4.3d. 
In summary, the results described here clearly show the influence of the strong substrate-
coupled Mie resonators on the light transport pathways and optical properties of the high-index 
group IV subwavelength wire array system. 
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CHAPTER 5 
 
FUTURE WORK  
 
 
 
Monolithic integrated high-index MIR photonic filters for advanced vibrational 
microspectroscopy  
The dielectric filters commonly used in current MIR optics today are all based on vertical 
optical interference of multilayer quarter-wave stacks [36], making it impossible to integrate 
several filters with different filtering wavelengths on one substrate for MIR spectroscopy. As a 
result, in order to select a set of characteristic wavelengths for MIR applications, interference 
filters with a variety of coating layer designs have to be custom-made separately. In contrast, the 
high-index group IV wire arrays presented here can be easily integrated using CMOS-compatible 
fabrication facilities. By changing the array period Λ, the high-index wire array with a fixed w/Λ 
= 0.5, wire height h = 1 µm, and Ge thickness tGe = 2 µm can exhibit tunable narrowband GMR 
as well as a broadband resonant AR background in MIR, as shown in Fig. 5.1a. This result 
implies that a set of quality photonic filters with a variety of MIR filtering wavelengths can be 
monolithically integrated on an easily-accessible large-area c-Si substrate, using scalable CMOS-
compatible semiconductor processes.  
The high-index subwavelength wire array technology can be combined with high-
brightness QC emitters, as a novel MIR source system for high-quality MIR microspectroscopy, 
as illustrated in Fig. 5.1b. In this setup, a handful of FP-type broadgain QC chips [101] are 
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employed to cover the fingerprint spectral range in MIR. Although a linewidth of ~1 cm-1 
rendered by the QC lasers is needed to resolve IR absorption spectrum of gas-phase molecules, 
this laser linewidth is much narrower than needed by the spectroscopy of condensed matter and 
biological specimen [13, 15]. Also, in order to get rid of undesired interference patterns in MIR 
microscopic images due to laser spatial coherence [19] and to retain a high light output power at 
the same time, the QC emitters have to operate below laser threshold, with back and front facets 
coated with high-reflection (HR) and AR coatings respectively. As a result, the facet light from 
the near-zero-reflectivity AR facet of the QC emitters could exhibit a broad amplified 
spontaneous emission (ASE) with no FP modes [58]. The emitted light is collimated by a lens, 
and is then sent toward the frequency-selective component by a beam splitter. After being 
reflected by monolithic integrated photonic filers that are based on high-index Mie-coupled 
GMR, a narrowband MIR beam is created. For any MIR application and therefore a specific set 
of characteristic MIR wavelengths of interest, an integrated photonic filter set can be custom-
made by choosing the periods according to Fig. 5.1a.  
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Fig. 5.1 (a) FDTD-computed reflectance of the high-index group IV wire array (h = 1 µm, tGe = 2 
µm, and w = 1.2 µm) as a function of structure period Λ. Ranges of Λ are marked for filtering 
light output from different broadgain QC emitters [101]. (b) Schematic showing a compact MIR 
source system combining broadgain Fabry−Perot QC chips and a set of high-index photonic 
filters integrated monolithically on a c-Si wafer for advanced MIR microspectroscopy, with a 
system’s user interface as shown in the bottom left inset. ASE, amplified spontaneous emission. 
HR, high-reflection.  
 
 
 
 
The combination of the excellent filtering performance of this high-index photonic device 
and the efficient/bright MIR QC emitters represents a novel, promising, and compact MIR 
spectroscopic platform that could benefit many applications including human tissue pathology 
[13], geology [7], botany [4], and palaeontology [9]. Also, in conjunction with recently 
developed MIR planar Si integrated photonics [99, 109, 110], this high-index Mie-coupled GMR 
could allow secure MIR free-space communications [99] with its unique capabilities of planar-
to-vertical spatial coupling, narrowband spectral selectivity, and CMOS-compatible integration.  
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